It is known that reactive oxygen species (ROS) have a central role in causing many types of neuronal damage such as Alzheimer's disease, Parkinson's disease, ischemia, etc.
Ϫ ), hydrogen peroxide (H 2 O 2 ), hydroxyl radical (OH) and hypochlorous acid (HOCl) , that are generated in all cells as a by-product of cellular metabolism during conversion of molecular oxygen (O 2 ) to water (H 2 O). Additionally, phagocytes generate oxidative bursts of ROS to combat microorganisms. Cells possess endogenous systems (superoxide dismutase, catalase, glutathione peroxide) and diet derived (vitamin C and vitamin E) anti-oxidants to prevent or limit ROS induced tissue damage. H 2 O 2 is often used to investigate the mechanism of ROS-induced cell death, 3) and the mechanism of H 2 O 2 -induced PC12 cell death has been examined. 4, 5) Hydroxyl radicals form when it comes in contact with a range of transition metal ions. Oxidative stress occurs during an imbalance between ROS and anti-oxidants. Excess production of ROS may lead to cellular injury through nonspecific modification and disruption of proteins, phospholipids and nucleic acids. 6) Critical sites of ROS attack are the cell membrane and the membranes of intracellular organelles. The disruptive effects of ROS involve membrane lipid per-oxidation and membrane protein modification, which may produce alterations in the membrane structure and function including fluidity, permeability, enzyme activity, ion channels, transporter and receptor proteins. 7) The role of ROS has been implicated in many human degenerative diseases of aging. Various antioxidants have been found to have some preventive and therapeutic effects on these diseases induced by ROS. 8) Therefore, substantial efforts have been made in recent years to identify both natural and synthetic antioxidants. Moutan Cortex Radicis (MCR), the root cortex of Paeonia suffruticosa ANDREWS, is a Chinese herbal medicine widely used as an analgesic, antispasmodic, and anti-inflammatory agent. The drug has also long been used in remedies for female diseases. MCR is reported to inhibit oxidative DNA cleavage 9) and to have a scavenging effect on 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals and superoxide anion radicals generated by the xanthine-xanthine oxidase system. 10) The chemical components of MCR are known to be paeonol, paeonoside, paeonolide, paeoniflorin, benzoylpaeoniflorin, oxypaeoniflorin, benzoyl-oxy-paeoniflorin, and apiopaeonoside.
PC12 cells have been widely used as an in vitro experimental model to study the effects of various neurotoxic agents, including 6-hydroxydopamine, 1-methyl-4-phenylpyridinium (MPP ϩ ), paraquat, and manganese on dopaminergic cells. 11, 12) PC12 cells are electrically excitable and neurosecretory (dopamine, norepinephrine, and/or acetylcholine), and contain many membrane-bound and cytosolic macromolecules associated with neurons.
11)
The present study was designed to investigate whether ethanol extract of MCR is capable of reducing the hydrogen peroxide-induced ROS generation, the major cause of neuronal degenerating diseases in PC12 cells. Measurement was made to learn which genes are differentially expressed in relation to the effect of MCR using oligonucleotide microarray assay and this was confirmed using real time RT-PCR. Preparation of Herbal Extract The MCR was purchased from Kyunghee Oriental Hospital (Seoul, South Korea) and authenticated by Professor Seongkyu Park, College of Oriental Medicine, Kyunghee University. Dried MCR 300 g was pulverized to powder and extracted by 70%, 85% and 100% ethanol for 10 min using a sonicator. All of the ethanol extracts were mixed and concentrated by evaporator and then lyophilized by lyophilizer (both from EYELA Co., Japan). The weight of the resulting dried MCR extracts was 62.8 g (yield 26%). The dried extract was deposited in the Department of Physiology, College of Oriental Medicine, Kyunghee University. Two grams of the dried extract was dissolved in distilled water and centrifuged at 10000 g for 10 min. The supernatant was passed through a 0.22 mm filter and reached a final concentration of 100 mg/ml. The solution was aliquoted and stored at 4°C for future use.
Inhibition of Production of Reactive Oxygen Species and Gene Expression
High-Performance Liquid Chromatography (HPLC) Analysis of MCR A dried ethanol extract of about 10 mg of MCR was accurately weighed, put in a test tube, then dissolved in 5 ml of 50 % methanol (HPLC reagent, J.T. Baker Co., Ltd., U.S.A.) then filtered using a 0.45 mm syringe filter (PVDF, Waters, U.S.A.). Paeonol as a standard material weight was 10 mg, and was dissolved according to the analysis condition of standard materials. The dissolved standard solution was diluted as 0.1, 0.5, 1.0, 1.5, 2.0 mg/ml, respectively, and then a standard HPLC chromatogram was obtained. The relationship between the concentration and the peak-area was measured by the minimum square method (r 2 value). The HPLC apparatus was a Waters Breeze System (717ϩ Autosampler, 2487 dual l absorbance detector, 1525 binary HPLC Pump, Waters Co., Milford, U.S.A.), and the associated Waters Breeze System (Ver. 3.20) was used for data acquisition and integration.
Cell Culture PC12, rat pheochromocytoma cells (KCLB #21721, South Korea) were cultured in RPMI 1640 media with 10% fetal bovine serum (FBS), 1% penicillin and 1% streptomycin. PC12 cells were incubated in 100 ng/ml nerve growth factor (NGF) for differentiation. Cells were maintained in a humidified atmosphere with 5% CO 2 at 37°C.
Intracellular Reactive Oxygen Species Assay
The level of intracellular ROS was determined by the change in fluorescence resulting from the oxidation of the fluorescent probe H 2 DCFDA. Briefly, 5ϫ10
5 cells/well were exposed to MCR with various concentrations for 24 h. After incubation, cells were washed once with FBS free media and then incubated with 100 mM H 2 O 2 (as inducer for ROS production) at 37°C for 30 min. Cells were incubated with 50 mM of the fluorescent probe H 2 DCFDA for 1 h at 37°C. The degree of fluorescence, corresponding to intracellular ROS, was determined using Fluoroscan Ascent FL (Type 374, Labsystems, Finland) (excitation 485 nm; emission 538 nm).
Cell Viability Cell growth was measured by 3-
-2H tetrazolium (MTS) assay using the Cell Titer 96 ® Aqueous One Solution Cell Proliferation Assay Kit (Promega, Madison, WI, U.S.A.). Briefly, 100 ml of the supernatant was added to each 96-well plate. Twenty microliters of MTS solution was added to each of the 96-well plate and incubated at 37°C in a humidified 5% CO 2 atmosphere for 1 h. The absorbance was read at 490 nm using a microplate reader (Molecular Device, U.S.A.). Each sample was duplicated.
RNA Extraction Total RNA was extracted from cultured cells using the RNeasy mini kit (Qiagen, Valencia, CA, U.S.A.) according to the manufacturer's instructions. The extract was assayed for RNA quality and the concentration was determined with a spectrophotometer (DU500, Beckman Instruments Inc., Fullerton, U.S.A.). The extract was stored at -20°C until analysis.
Affymetrix GeneChip ® Array Processing cRNA labeling, hybridization and washing were performed using standard procedures as previously described.
13)
Microarray Data Analysis Microarrays were scanned at 570 nm, 3 mm resolution with a gene chip scanner (Affymetrix) and analyzed as previously described. 14) For quantification of relative transcript abundance, the average difference value (Avg Diff) was used. The signal intensity for each gene was calculated as the average intensity difference represented by ((PM-MM)/(number of probe pairs)). All chips were normalized by the mean of the total sums of Avg Diff values across all chips used in the experiment allowing a comparison between conditions. An Avg Diff level lower than 200 fluorescence units was considered below the limit of accurate quantification based on extensive quality control experiments performed in-house. Above 200 fluorescence units, based on our in-house validation dataset, any gene having an absolute ratio or change factor Ͼ2, was considered significantly differentially expressed.
Real-Time RT-PCR Using the real-time RT-PCR technique, we verified our microarray results in two important genes, heme oxygenase (HO) and catechol-O-methyltransferase (COMT). First, rare contaminating genomic DNA was removed using Deoxyribonuclease I (Invitrogen, U.S.A.). Then the RNA (integrity confirmed) samples were reverse transcribed using oligo (dT) primers and SuperScript II Rnase H Ϫ reverse transcriptase (Invitrogen, U.S.A.) PCR reactions were performed as follows: Template cDNA was incubated with 500 pM of gene-specific primers (Genotech, Co., Korea), and a SYBR Green PCR Master Mix containing PCR buffer, AmpliTaq gold DNA polymerase, dNTP mix, MgCl 2 , ROX passive reference dye and SYBR Green I dye (Applied Biosystems, U.K.) in a GeneAmp 5700 Sequence Detection System (PE Biosystems, U.K., U.S.A.). The thermal cycling program had an initial denaturation (95°C for 10 min) and then 40 cycles of denaturation (95°C for 15 s), annealing and extension (62°C for 45 s) . The temperature for annealing and extension was varied from 62 to 67°C according to the primers. The primer sets used were: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5Ј-GGCATGGACTGTGGTCATGA-3Ј and 5Ј-TTCACCAC-CATGGAGAAGGC-3Ј; HO, 5Ј-GCCCAGCTGGAATTTC-TTTACTCT-3Ј and 5Ј-AGCCCCCAACCTCCTGATTT-3Ј; COMT, 5Ј-AATGTGGGTGACGCGAAA-3Ј and 5Ј-GGGT-GATGGCAGCGTAGT-3Ј. A fluorescence signal was collected at the end of each cycle. After the cycles were terminated, the signal of each temperature from 60 to 95°C was also collected for the dissociation curve analysis. All reactions were performed in triplicate to confirm reproducibility, and included a negative control (without template) to verify that no primer-dimers were being generated. The standard curve for each primer was constructed using serial dilutions of cDNA. The amount of target mRNA in each sample was normalized with that of mean GAPDH, an endogenous control.
Statistical Analysis All data except microarray results were expressed as the meanϮS.E.M. of independent experiments Statistical significance was compared between MCR treatment group and control by the Student's t-test. Results with pϽ0.05 were considered statistically significant.
RESULTS

HPLC Spectrum of MCR
Paeonol is known as one of the main active compounds of MCR. We performed HPLCfingerprinting to authenticate MCR. As shown in Fig. 1 , the retention time of paeonol showed a similar retention time of MCR. The amount of paeonol contained in MCR was calculated by the following formula: amount (mg) of paeonol ϭ{quantitative amount (mg) of standard materialsϫAT/AS}/n (nϭ3) (cf., AT: the peak-area of MCR containing paeonol, AS: the peak-area of paeonol). When we calculated the amount of paeonol, 1 g of MCR contained 12.57Ϯ0.05 mg of paeonol.
Effect of MCR on ROS Production in PC12 Cells
The intracellular concentration of ROS in PC12 cells, as assessed by H 2 DCFDA oxidation, was increased by hydrogen peroxide treatments. Prior treatment of various concentrations of MCR for 24 h significantly inhibited the increase of intracellular ROS when cells were stimulated with hydrogen peroxide. MCR at 0.01 and 0.1 mg/ml inhibited the ROS generation to 30.5% and 29.5% of the control, respectively, in PC12 cells. Interestingly, ROS generation was almost completely inhibited at 1 mg/ml of MCR (Fig. 2) .
Effects of MCR on Hydrogen Peroxide-Induced Toxicity Treatment with 100 mM hydrogen peroxide resulted in decreasing the cell viability to approximately 53% of the PC12 cells compared with the non-treated cells ( pϽ0.001). Pre-treatment with 1 mg/ml of MCR significantly increased cell viability to 26% from oxidative-stressed PC12 cells (79% of control, pϽ0.001, see Fig. 3 ). This result strongly suggests that MCR treatment restores oxidative-induced neuronal cell damage, so that it may be helpful for treating neuro-degenerative diseases.
Effect of MCR on Gene Expression in PC12 Cells
Results obtained from oligonucleotide microarrays indicated that treatment of MCR in PC12 stressed by hydrogen peroxide changed mRNA expression. We examined over 1300 genes, and 17 of them showed dynamic changes of that expression to MCR addition compared to hydrogen peroxide only treatment (see Table 2 ). Among them, the expressions of 7 genes were over 2 fold decreased, whereas those of 10 genes were over 2 fold increased in MCR treatment compared to hydrogen peroxide only treatment (see Table 2 ).
Real-Time RT-PCR Using the real-time quantitative PCR technique, we verified our oligonucleotide microarray results of the two important genes which were known to be involved in inhibiting the generation of ROS. The results presented in Figs. 4 and 5 show that the expression patterns obtained with real-time RT-PCR were consistent with the oligonucleotide microarray results. As shown, the expression levels of HO and COMT mRNA in MCR treatment were increased in a dose and time-dependent manner compared to hydrogen peroxide treated cells. They reached maximum effects at 1 mg/ml of MCR for a 24 h treatment.
DISCUSSION
In this study, we showed that MCR significantly inhibited the increment of intracellular ROS and cell cytotoxicity upon hydrogen peroxide stimulation. Subsequently, the oligonucleotide microarray assay was performed to understand the molecular mechanism of MCR's effect on ROS inhibition. Results of the oligonucleotide microarray showed that 17 genes were differentially expressed, and among them HO and COMT were known to regulate ROS production.
HO is a microsomal enzyme involved in the degradation of heme to biliverdin, iron and carbon monoxide, the first Cell viability was measured by the MTS assay as depicted in Materials and Methods. Cells were treated as previously described in Fig. 1 . Values are the meanϮS.E.M. of three independent experiments duplicated in each run. * * * pϽ0.001 compared to control.
Fig. 4. Change of HO mRNA in PC12 Cells after MCR Treatment
The amounts of HO mRNA were quantified by real-time RT-PCR after the respective MCR concentration (A) or the respective incubation periods at 1 mg/ml of MCR (B). The expression levels of HO mRNA were normalized by dividing with GAPDH intensity. Values are the meanϮS.E.M. of three independent experiments duplicated in each run. Str: 100 mM hydrogen peroxide treatment; MCR: 100 mM hydrogen peroxideϩ 1 mg/ml of MCR. being subsequently converted to bilirubin by cytosolic biliverdin reductase. Three isoforms of HO, HO-1, HO-2 and HO-3 have been identified which are products of distinct genes. 15) HO-2 and HO-3 are constitutively expressed, whereas HO-1 is highly induced by a wide range of stressful stimuli. Up-regulation of HO-1 may be among the most critical cytoprotective mechanisms that are activated during times of cellular stress, such as inflammation, ischemia, hypoxia, hyperoxia, hyperthermia, or radiation, 16) and is thought to play a key role in maintaining antioxidant and oxidant homeostasis during times of cellular injury. 17) Prevention of ROS generation by catecholoestrogens is closely related to the activity of the COMT. This enzyme catalyzes the methylation of hydroxylated sites on the aromatic ring of catechol compounds which prevents their conversion to semiquinones and quinones, and therefore blocks the generation of ROS. 18) Glucose transporter 1 (GLUT1) was the most up-regulated gene when we performed the oligonucleotide microarray in MCR plus hydrogen peroxide treated PC12 cells (Table 2) . GLUT1 is widely distributed and is expressed in most tissues.
19) It is regulated under conditions which require adjustment of the metabolic rate, such as during cell division, 20) differentiation 21) transformation and in response to various stresses. 22, 23) Previous study demonstrated that exposure of L6 cells to ROS generating system increases the steady state levels of GLUT1 mRNA, either by increased transcription rate and/or by increased stability, resulting in increased glucose uptake and metabolism. 24) It is assumed that oxidative stress imposed upon cells causes an adaptive response which results in increased energy production, presumably to recruit cellular defense mechanisms.
P2X2-4 receptor and P2X2-5 receptor were down-regulated genes over two folds in MCR treated cells. P2X receptors are highly expressed throughout the nervous system, where ATP has been shown to be a neurotransmitter. Seven P2X receptor genes (P2X 1-7 ) have been identified; the functional receptors are thought to form as either homo-or heterotrimers, and a range of phenotypes has been described for recombinant receptors based on their subunit composition. 25) Studies of P2X receptor distributions show that P2X2 and P2X3 receptor subtypes are selectively expressed in structures associated with pain signal processing, including smalland medium-sized dorsal root ganglion neurons, peripheral and central sensory terminals, and superficial dorsal horns. [26] [27] [28] MCR has been used for pain relief in traditional oriental medicine. So we assumed that the P2X2 down-regulation might be related with the pain relief effect of MCR.
At present, the precise regulatory mechanism of ROS inhibition by MCR is unknown. However, an important role for the inhibition of ROS in protection of neurotoxicity has been recognized. 28, 29) In all types of neuro-degenerative disease there is consistent evidence of enhanced production of free radicals and/or significant decrease of antioxidant defense. As a consequence, a large number of studies have focused on the pathogenic significance of oxidative stress in neuronal injury as well as on therapeutic intervention with antioxidant and metabolic scavengers. 30, 31) In conclusion, our results demonstrated that MCR decreased ROS generation and cytotoxicity in hydrogen peroxide stimulated PC12 cells. And we found that HO and COMT which have been known as ROS regulation were differentially expressed in this experimental condition. MCR might have a neuron protective effect in ROS mediated neuronal disease such as Alzheimer's, Parkinson's and ischemia through the reduction of ROS by HO and COMT. However, the precise mechanism of MCR to inhibit ROS production and the major bioactive component remains to be elucidated. The amounts of HO mRNA were quantified by real-time RT-PCR after the respective MCR concentration (A) or the respective incubation periods at 1 mg/ml of MCR (B). The expression levels of COMT mRNA were normalized by dividing by GAPDH intensity. Values are the meanϮS.E.M. of three independent experiments duplicated in each run. Str: 100 mM hydrogen peroxide treatment; MCR: 100 mM hydrogen peroxideϩ 1 mg/ml of MCR.
